Abstract: Traumatic brain injury (TBI) is a well recognized public health problem worldwide. TBI has previously been considered as a rare cause of hypopituitarism, but an increased prevalence of neuroendocrine dysfunction in patients with TBI has been reported during the last 15 years in most of the retrospective and prospective studies. Based on data in the current literature, approximately 15%-20% of TBI patients develop chronic hypopituitarism, which clearly suggests that TBI-induced hypopituitarism is frequent in contrast with previous assumptions. This review summarizes the current data on TBI-induced hypopituitarism and briefly discusses some clinical perspectives on post-traumatic anterior pituitary hormone deficiency.
Introduction
Traumatic brain injury (TBI) could be defined as a change in brain function or other evidence of brain pathology caused by external forces, 1 and is a well recognized public health problem worldwide. A substantial number of people with TBI are seen in emergency departments; the great majority, approximately 235,000 each year, are hospitalized because of non-fatal TBI and nearly 50,000 die according to reports from the USA. Further, the overall annual incidence of TBI in the USA has been reported to be 506 per 100,000 population. 2 The severity ratio of hospitalized TBI patients was reported to be approximately 22:1.5:1 for mild to moderate to severe cases, respectively. 3 Thus, there is no doubt that TBI is one of the most common causes of mortality and long-term disability among young adults. The main causes of TBI are road traffic accidents (the leading cause, accounting for 50% of all cases), falls, violence-related incidents, sports-related head trauma (hockey, soccer, football), combative sports (boxing and kickboxing) characterized by chronic repetitive head trauma, and war-related accidents, including blast injuries. [4] [5] [6] [7] Although TBI has previously been considered as a rare cause of hypopituitarism, an increased prevalence of neuroendocrine dysfunction in patients with TBI has been reported during the last 15 years in most of the retrospective and prospective studies. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] This review summarizes the current data on TBI-induced hypopituitarism and briefly discusses some clinical perspectives on post-traumatic anterior pituitary hormone deficiency.
However, two cornerstone papers published in 2000 drew attention to TBI-induced pituitary dysfunction and stimulated new research. 10, 12 Although the frequency of chronic hypopituitarism (generally accepted as lasting at least 3 months) after TBI varies widely between the studies, most report a range of 15%-50%. 9, [15] [16] [17] The frequency of pituitary dysfunction varies according to the severity of trauma, type of trauma, time elapsed since trauma, study population, study design, endocrine testing, and the criteria used to diagnose anterior pituitary hormone deficiency. 20 The Glasgow Coma Scale (GCS) is the clinical tool most commonly used to evaluate the severity of head trauma. It assesses eye opening and verbal and motor responses on a scale ranging from 3 to 15. The severity of brain injury is graded as mild (GCS [13] [14] [15] , moderate (GCS 9-12), or severe (GCS 3-8). 21 In a meta-analysis by Schneider et al that included 1,015 TBI patients from ten cross-sectional and four prospective studies, the pooled prevalence of anterior hypopituitarism has been reported as 27.5% (95% confidence interval 22.8-28.9). The most common pituitary hormone deficiencies found in the majority of the studies were growth hormone and gonadotropin (follicle-stimulating hormone/luteinizing hormone [FSH/LH]) deficiencies. The pooled prevalence of hypopituitarism in mild, moderate, and severe TBI was estimated to be 16.8%, 10.9%, and 35.3%, respectively. These data clearly show that although the risk of developing hypopituitarism is highest in patients with severe TBI, the risk is substantially high in mild TBI even comparable with moderate TBI. However, it is important to mention that all patients with mild TBI included in the meta-analysis needed hospitalization and neurosurgical intervention. 22 In a recent retrospective screening study that included 340 patients with TBI, 28.5% showed pituitary hormone dysfunction in at least one axis and 4.5% in two or more axes. Gonadotropin (40.7%), adrenocorticotropic hormone (ACTH; 23.7%), and growth hormone (20.7%) deficiencies were found to be the most common pituitary hormone disturbances. 23 In a recent systematic review of 27 studies (including 2,117 TBI patients) that evaluated all pituitary axes, 31% (95% confidence interval 23-40) of the patients had long-term (.12 months) hypopituitarism, as defined by at least one anterior pituitary hormone deficiency. 24 In contrast, in one study, hypopituitarism was reported to be rare (,1% at a median 13 months after TBI) in unselected head trauma patients admitted to emergency departments, and it was concluded that routine pituitary screening in these patients is unlikely to be cost-effective. However, most of the patients in that study had mild TBI and do not need hospitalization and/or neurosurgical intervention, and most were discharged directly from the emergency service. 25 It is tempting to speculate that when the extremely high number of people suffering TBI is taken into account, even low rates of hypopituitarism, such as 1%, translate into a large number of patients with TBI-induced pituitary dysfunction. There is an insufficient number of prospective studies in the literature. Only three, long-term, prospective studies have evaluated pituitary function for longer than 12 months. 17, 18, 26 In the study by Kleindienst et al, 23 patients with mild, moderate, or severe TBI were screened during the acute phase and at 24-36 months after their injury. In the chronic phase, 48% of the patients had ACTH deficiency and 39% had growth hormone deficiency. 26 In the 3-year prospective study of 30 patients (63% with mild TBI) by Tanriverdi et al 23.3% had growth hormone deficiency and 6.6% had ACTH deficiency 3 years after TBI. 17 The longest prospective study, performed by the same research group, evaluated 25 patients (64% with mild TBI and 36% with moderate or severe TBI) 1, 3, and 5 years after TBI. Although most of the pituitary hormone deficiencies improved over time, there were significant rates of pituitary hormone deficiency 5 years after TBI (28% growth hormone, 4% ACTH, and 4% gonadotropin). 18 The main limitation of these prospective studies was the low numbers of patients screened.
In summary, according to the current literature, approximately 15%-20% of TBI patients may develop chronic hypopituitarism, which clearly suggests that TBI-induced hypopituitarism is a frequent problem, in contrast with previous assumptions. However, there are no epidemiological studies showing the burden of the disease in the population. Post-traumatic hypopituitarism is generally characterized by isolated anterior pituitary hormone deficiency rather than multiple hormone deficiencies, and growth hormone deficiency seems to be the most common disorder.
Screening strategies during acute and chronic phases of TBI which patients should be screened?
Because TBI is an important cause of hypopituitarism, the first approach could involve testing all patients with a history of TBI. However, this strategy is not cost-effective and would result in unnecessary consumption of health care resources in the community. Therefore, the most important clinical challenge is to determine which TBI patients should be screened for pituitary dysfunction.
The first consensus guideline on screening for hypopituitarism following TBI was published by Ghigo et 
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Pituitary dysfunction after TBi All TBI patients who need hospitalization in neurosurgery units or intensive care units, regardless of severity, should be screening for pituitary function in the acute phase, and prospective evaluations for 12 months are recommended in this guideline. Further, the authors suggest that, for retrospective evaluation at any time after surgery, all patients who experience moderate or severe injury and who have clinical signs and/or symptoms associated with hypopituitarism should be screened for pituitary function. 27 While this guideline has filled an important gap in the field of posttraumatic hypopituitarism, it drew on only three 12-month prospective studies, and the data regarding mild TBI were only preliminary. In addition, some experts in the field suggest that global screening for hypopituitarism would only be to focus on patients with moderate or severe head trauma (GCS ,13) from a practical point of view. [28] [29] [30] [31] [32] This approach seems to be logical and practical because the severity of head trauma is a strong predictor. 24 However, in a meta-analysis including 1,015 TBI patients, the pooled prevalences of hypopituitarism in mild, moderate, and severe TBI were estimated as 16.8%, 10.9%, and 35.3%, respectively. Based on these findings, Schneider et al recommend that all patients hospitalized for TBI should be considered for endocrine evaluation. 22 These data clearly show that although the risk of developing hypopituitarism is highest in severe TBI, the risk is substantially high in mild TBI and is even comparable with moderate TBI. Moreover, when we consider the high frequency of mild TBI among all TBI patients, it is obvious that pituitary dysfunction is not uncommon in patients with mild TBI and cannot be ignored. It is important to note that most of the mild TBI patients included in this meta-analysis and in the previous studies had complicated mild TBI, [16] [17] [18] 22 as outlined later in this paper.
Although mild TBI is the most common type of head trauma, global screening of all mild TBI patients is not practical or cost-effective. 33 Therefore, selecting mild TBI patients who have a significant risk for pituitary dysfunction is a strategic clinical challenge. It is important to recognize that, by definition, mild TBI is a heterogeneous diagnosis, and selection bias in TBI research is a major problem in this patient group. 34 Some mild TBI patients may not have loss of consciousness and could be accepted as suffering from minor head trauma; on the other hand, some mild TBI patients may need monitoring in intensive care and neurosurgical intervention. It is documented that approximately 40% of mild TBI patients do not experience loss of consciousness. 35 However, previous studies have shown that approximately 10%-39% of patients with mild TBI have intracranial abnormalities (eg, hematoma, edema, or contusion) detected on computed tomography (CT) on the day of injury. [36] [37] [38] Williams et al used the term "complicated mild TBI", as defined by the presence of skull fractures or intracranial abnormalities on initial CT. 39 It was clearly demonstrated that neuropsychological functioning in complicated mild TBI is significantly poorer than in uncomplicated TBI. 40 Although there is no study comparing the risk of hypopituitarism between patients with "complicated mild TBI" versus "uncomplicated mild TBI", most mild TBI patients screened for hypopituitarism in the literature have at least one of the features of complicated TBI (Figure 1 ). For example, in one 3-year, prospective, follow-up study, 63% of patients had mild TBI and three of 18 (17%) mild TBI patients had pituitary dysfunction. All mild TBI patients included in the study needed hospitalization for more than 24 hours, and the majority of these patients were monitored in intensive care. Moreover, 15 of 18 patients with mild TBI (including three patients with hypopituitarism) had
Inclusion criteria
1. Those patients (regardless of the severity of TBI) who need hospitalization for at least 24 hours and who need ICU monitoring, in particular, should be screened during the acute phase and prospectively. 2. Those with a history of complicated mild TBI, moderate TBI, or severe TBI at any time after the event (especially those who have suspicious signs and symptoms of hypopituitarism). Complicated mild TBI is defined by the presence of at least one of the following conditions:
• Need for hospitalization for more than 24 hours • Need for ICU monitoring and/or need for any neurosurgical intervention • Presence of acute pituitary hormone changes during the first 2 weeks after TBI (ACTH deficiency and/or central DI)
• Any anatomical changes on initial CT or MRI Exclusion criteria 1. Mild TBI patients who are discharged from emergency units and/or who have no loss of consciousness and/or post-traumatic amnesia of less than 30 minutes. 2. TBI patients in a chronic vegetative state with low life expectancy. 
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Tanriverdi and Kelestimur an abnormal initial CT (mainly epidural/subhematoma and cranial vault fractures), indicating that patients with complicated mild TBI have a substantial risk of hypopituitarism. 17 In contrast, it has been reported that hypopituitarism is rare in unselected patients with head trauma admitted to emergency departments. Most of the patients in this study had mild TBI (n=77, 72%). Among the mild TBI patients, 53% did not have loss of consciousness and 90% had post-traumatic amnesia of less than 30 minutes. Half of the patients with mild TBI were discharged directly from the emergency service without hospitalization; only 14% of these mild TBI patients needed monitoring in intensive care and none had any neurosurgical intervention. 25 This study, which mainly included patients with uncomplicated mild TBI, suggests that global pituitary screening of all TBI patients admitted to emergency services is not necessary due to the low risk of hypopituitarism.
Therefore, based on data in the literature and current predictive factors for TBI-induced hypopituitarism, we redefined complicated mild TBI ( Figure 1 ) and recommend routine screening in patients with complicated mild TBI in addition to moderate and severe TBI patients. As an exclusion criterion for pituitary screening, we recommend that mild TBI patients who are discharged from the emergency service with no loss of consciousness and/or post-traumatic amnesia of less than 30 minutes do not need pituitary screening. When we only screen complicated mild TBI patients and use exclusion criteria, more than 50% of these patients will not be screened unnecessarily. The suggested inclusion and exclusion criteria for screening of hypopituitarism in TBI patients are summarized in Figure 1 .
Screening strategy during acute phase of TBi
The acute phase is generally accepted to be the first 10-14 days after TBI. Evaluation of pituitary function in the acute phase can be difficulty in critically ill TBI patients. Diagnosing and differentiating the hormonal changes as either an adaptive response or as a pathological hormonal deficit is one of the major problems. 41, 42 Performing dynamic hormone tests (in particular for ACTH and growth hormone deficiencies) in the acute phase is either impractical or inappropriate. Moreover, there are no clear or internationally accepted diagnostic cut-off values for diagnosis of hypopituitarism during the acute phase.
Prospective 22, 32, 41 However, in the acute phase of TBI, diagnosis of glucocorticoid deficiency should not be missed because it is life-threatening. 22, [46] [47] [48] [49] The current evidence implies that insufficiency in the hypothalamic-pituitaryadrenal axis during the acute phase after head trauma is associated with a worse neurological outcome, increased need for vasoactive drug therapy due to hemodynamic instability, relative or absolute hypoglycemia, hyponatremia, and rapidly progressive hypotension, all of which may increase the risk of morbidity and mortality. 46, 48, 50, 51 Therefore, the emphasis during the acute phase of brain injury should be on detecting adrenal insufficiency.
To date, there have been only eleven studies evaluating pituitary function in the first 2 weeks after TBI (including mild, moderate, and severe TBI, and mainly screened in intensive care); these have showed the frequency of ACTH deficiency to be between 4% and 78%. 16, 26, 42, [44] [45] [46] 48, [50] [51] [52] [53] The wide range in the reported percentages between various studies could be due to measurement of morning serum cortisol levels at different time points after head trauma or using different diagnostic cut-off levels for ACTH deficiency. In a recent and elegant study, plasma cortisol levels were measured sequentially on days 1, 3, 5, 7, and 10 in 100 consecutive patients with TBI. A morning plasma cortisol level #11 µg/dL (300 nmol/L) was accepted as adrenal insufficiency. During the first 10 days after TBI, 78 of the 100 patients had at least one plasma cortisol measurement ,300 nm/L, and most of the patients (63 of 78) had glucocorticoid deficiency on days 1, 2, and 3. One of the most important findings of this study was the low plasma cortisol has been reported to be significantly associated with increased mortality and existence of hyponatremia. 48 In summary, all TBI patients (regardless of severity) who need intensive care monitoring should be screened during the acute phase and in a prospective manner (Figure 1 ). Based on data in the current literature, we recommend assessing only ACTH deficiency by measuring morning basal cortisol levels during the acute phase. We recommend routine cortisol measurement on days 1-4 after TBI and on days 5-10 in the event of clinical suspicion (presence of hyponatremia, hypotension, or need for higher doses of vasopressors, hypoglycemia), and we suggest a morning plasma cortisol level #11 µg/dL (300 nmol/L) as the diagnostic cut-off for ACTH deficiency during the acute phase. Stress dose glucocorticoid replacement is warranted in critically ill TBI patients who have ACTH deficiency. 41, 47 When the patient is stable and the critically ill phase is resolved (at least 2 weeks after TBI), if the basal 
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Pituitary dysfunction after TBi cortisol level is between 3.5 µg/dL (98 nmol/L) and 18 µg/dL (500 nmol/L) and clinical findings suggest ACTH deficiency, an appropriate dynamic test needs to be performed before discharge. 54 In addition, TSH deficiency could be evaluated by measuring basal free T4 and TSH levels when the patient is stable before discharge. Physiological doses of steroid and/or thyroid replacement therapy are recommended in patients with ACTH and/or TSH deficiency until the second reassessment at 6 months after TBI (Figure 2 ).
Screening strategy during chronic phase of TBi
Understanding the natural history of TBI-induced hypopituitarism with the long-term prospective studies is critically important to develop an evidence-based screening strategy. Nevertheless, there are still inadequate numbers of long-term prospective studies in the literature. Therefore, our screening recommendations after 12 months (Figure 2) are not strong enough and need to be confirmed by further long-term prospective studies.
So far, six major prospective studies (five including patients with mild, moderate, or severe TBI) investigating pituitary function during the and 12 months later have been published. 9, 15, 16, [43] [44] [45] These prospective studies demonstrated the dynamic characteristics of hypopituitarism in isolated and multiple pituitary deficiencies as well as in the improvement (recovery) or worsening (new onset hormonal deficiencies) of pituitary function. In all six studies, pituitary function recovered over a 12-month period, but in four 9, 15, 16, 45 newonset pituitary hormone deficiencies (reported as lower 
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Tanriverdi and Kelestimur frequency than recovery) were reported at the 12-month evaluation. At the end of 12 months, there were still substantial rates of pituitary hormone deficiencies, ranging from 13% to 50%, of which growth hormone deficiency was the most common hormonal deficit. The dynamic hormonal changes were defined mainly in the first 6 months but could be seen after 6 months. 9, 15, 16, [43] [44] [45] Consequently, we recommend re-evaluation 6 months after the injury in patients with complicated mild TBI and in those with moderate/ severe TBI (Figure 2) , because a 3-month evaluation seems to be too short to give a definite diagnosis due to the high frequency of dynamic hormonal changes. 55 At the 6-month evaluation, we recommend a baseline hormonal work-up and dynamic testing for ACTH deficiency in patients with mild or moderate/severe TBI. If TSH, FSH/LH, and ACTH deficiencies are present, they should be treated appropriately until the following reassessment at 6 months after TBI. Regarding growth hormone deficiency, we do not suggest dynamic hormonal testing at the 6-month evaluation and we do not recommend growth hormone replacement before the first year of TBI 33, 55 ( Figure 2 ). This is because isolated growth hormone deficiency has been reported in most of the prospective studies and a significant number of the patients were recovered at 12 months after TBI, and currently there is no clear evidence that early growth hormone replacement could be beneficial for recovery of pituitary function or for rehabilitation of TBI.
Only three long-term prospective studies screening pituitary functions for longer than 12 months have been published. 17, 18, 26 In the study by Kleindienst et al, 23 patients with mild, moderate, or severe TBI were screened during the acute phase and at 24-36 months after injury. All the patients with FSH/LH and TSH deficiencies recovered completely at the chronic phase. By the chronic phase, 48% of the patients had ACTH deficiency and 39% had growth hormone deficiency. In both the ACTH and growth hormone axes, a significant rate of dynamic hormonal changes (recovery and new-onset deficiencies) have been reported. 26 Thirty patients were included in the 3-year prospective study, and 63% had complicated mild TBI and the remaining had moderate or severe TBI. Overall, the proportion of patients with growth hormone deficiency decreased from 43.3% at 1 year to 23.3% at 3 years, and the proportion of patients with ACTH deficiency decreased from 20.0% to 6.6%. No patient had TSH or gonadotropin deficiency after 3 years, compared with 6.6% and 3.3%, respectively, at 1 year. It is important to note that dynamic hormonal changes were reported mainly in patients with complicated mild TBI, while ACTH and growth hormone deficiencies persisted in patients with severe TBI at the 3-year evaluation. 17 In the longest prospective study, 25 patients (64% with complicated mild TBI and 36% with moderate or severe TBI) were evaluated at years 1, 3, and 5 after TBI. ACTH and growth hormone deficiencies improved over time in a considerable number of patients with mild or moderate TBI, but in rare instances worsened over the 5-year period. However, in patients with severe TBI, ACTH and growth hormone status at 1 year persisted at 5 years. Thus, the authors recommended that screening pituitary function for 5 after TBI years is important, especially in patients with mild TBI. 18 The main limitation of these three long-term studies 17, 18, 26 is the small numbers of patients, especially in the moderate and severe TBI groups. Further, in the 3-year and 5-year TBI studies, dynamic hormonal changes in patients with moderate TBI were comparable with those in patients with mild or severe TBI. However, based on the strong evidence from retrospective studies, the clinical behavior and neurological and neuroendocrine consequences of moderate TBI are similar to those of severe TBI, and are generally classified with severe TBI. 22, 27, 32 Another limitation of the long-term prospective studies is that the number of patients with TSH and gonadotropin deficiencies was not sufficient to improve our understanding of the natural history of these axes. 17, 18, 26 Therefore, based on data in the literature, we have defined inclusion/exclusion criteria ( Figure 1 ) for patient selection, 56 and recommend prospective screening in patients with moderate or severe TBI and in those with complicated mild TBI. Our suggestions for prospective screening strategies for anterior pituitary function after head trauma in patients with complicated mild TBI and those with moderate/severe TBI are summarized in Figure 2 . After the acute and 6-month assessments, we suggest detailed clinical and hormonal evaluation at month 12 after TBI (Figure 2 ).
In patients with complicated mild TBI, if there is any pituitary hormonal deficiency at month 12, we recommend appropriate replacement of the deficient hormones. Because of the probability of recovery, yearly clinical and hormonal assessment for at least 5 years is a reasonable approach. During follow-up controls (Figure 2 ), clinical evaluation, baseline hormonal work-up, and if necessary, dynamic tests for ACTH and growth hormone deficiencies could be performed. If there is no hormonal deficiency at the 12-month assessment in patients with complicated mild TBI, we suggest yearly clinical follow-up for at least 5 years due to the probability of new-onset pituitary hormone deficiencies (Figure 2 ). It is important to emphasize that hormonal investigations after the 12-month evaluation, particularly dynamic 
1841
Pituitary dysfunction after TBi tests for growth hormone deficiency, need to be done with an "intent-to-treat" approach and according to the clinical context throughout the follow-up period. 22, 30, 33, 55 In patients with moderate or severe TBI (Figure 2) , if there is any pituitary hormonal deficiency at 12 months, we suggest appropriate replacement of the deficient hormones, and because recovery of pituitary dysfunction is extremely rare, we recommend routine follow-up for titration of replacement therapy. If there is no pituitary hormone deficiency at 12 months in patients with moderate or severe TBI, we recommend no further investigation. However, it is essential to inform these patients regarding the symptoms and signs of hypopituitarism, and if they have signs and symptoms suspicious for hypopituitarism, they can be screened at any time after TBI (Figure 2 ).
Conclusion and future directions
Patients who developed hypopituitarism after TBI present with the same manifestations as those with hypopituitarism attributable to other causes. The clinical picture depends on the severity of hypopituitarism and the number of deficient anterior pituitary hormones. Patients with hypopituitarism, independent of the etiology, require replacement of deficient hormones as part of their standard clinical care. The diagnosis and treatment of hypopituitarism are beyond the scope of this review, and the details have been reviewed elsewhere. 22, 56, 57 However, it is important to note that the clinical manifestations of hypopituitarism, especially isolated hormone deficiencies as in TBI, could be mild or subtle, so most patients with hypopituitarism are likely to remain undiagnosed and thereby untreated. Clinical suspicion, knowledge of risk factors and screening of TBI patients has a critical role in the diagnosis of hypopituitarism.
In conclusion, data in the current literature demonstrate that approximately 15%-20% of patients with TBI develop chronic hypopituitarism, which clearly suggests that, in contrast with previous assumptions, TBI-induced hypopituitarism is a frequent problem. All patients with complicated mild, moderate, or severe TBI need to be screened for hypopituitarism. However, more long-term prospective studies in larger numbers of patients need to be done to develop an evidence-based screening strategy. The pathogenesis of TBIinduced hypopituitarism is still unknown and further studies are warranted to understand the underlying mechanisms. Knowing the pathogenesis and molecular mechanisms could be important to prevent development of pituitary dysfunction after TBI. Nevertheless, it is important to emphasize that growth hormone replacement therapy early after TBI could be beneficial in aiding rehabilitation of TBI patients, but currently no studies have been performed in this area.
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